others 2002). These biopolymers can decompose more readily in the environment than their 48 synthetic polymeric counterparts such as polyethylene (PE), polypropylene (PP) and 49 polystyrene (PS) that are derived from crude oils (Cutter 2006; Iovino and others 2008; 50 Tharanathan 2003; Altskär and others 2008; Chick and Ustunol 1998; Guilbert 1986; Dias 51 and others 2010; Lopez-Rubio and others 2006). Consumer demands for preservative-free, 52
high-quality food products, packaged in materials that create less environmental impact have 53 inspired research into the application of biopolymeric materials. In combination with 54 antimicrobial (AM) packaging systems, biopolymer materials with AM properties are 55 emerging as one of the more promising forms of active packaging systems Izquierdo and others 2008; Krochta and De Mulder-Johnston 1997; Cha and Chinnan 2004) . 57
The further development of food packaging materials manufactured from biodegradable 58 polymers such as starch-based materials have the potential to reduce environmental impacts 59 thereby being advantageous over conventional synthetic-based packaging systems (Vlieger 60 2003) . 61 62 Active packaging (AP) is a system in which the product, the package and the environment 63 interact in a positive way to extend shelf-life or improve microbial safety or sensory 64
properties while maintaining the quality of food products (Rooney 1995; García and others 2000; Tharanathan 2003; 1999) . 117
Plasticizers are relatively low molecular weight compounds that can be copolymerized with 118 the polymer or added to the polymer to reduce the intermolecular and intramolecular forces 119 and thereby increase the mobility of the polymeric chains ( that are commonly used with biopolymers include polyols such as glycerol, sorbitol and 125 mannitol, monosaccharides such as fructose, glucose and mannose, and poly(ethylene glycol) 126 (Brody 2005; Kester and Fennema 1986) . Water is another important plasticiser for 127 biodegradable films although excess moisture may affect the film properties (Krochta 2002; 128 Van Soest and Essers 1997). Water can be added to a starch-based film in order to break its 129 native granular structure and hydrogen bonding (Yang and Paulson 2000; Mali and others 130 2002; Myllärinen and others 2002) . 131 132 When a biopolymer is chemically, mechanically or physically modified, it is able to exhibit 133 thermoplastic properties (Arvanitoyannis and Biliaderis 1999) . Modified biodegradable 134 materials such as starch can thus be manufactured into a suitable packaging film using 135 conventional plastic conversion processes like compression moulding, extrusion and 136 thermoforming (Carvalho and others 2005; Jin and Zhang 2008; Kristo and others 2008) . 137
Packaging films made from biodegradable polymers such as polysaccharides exhibit low gas 138 permeability, enabling the extension of shelf life of food products without creating anaerobic 139 conditions (Baldwin and others 1995) . These biodegradable films or coatings can also be used 140 to prolong the shelf-life of foods such as muscle food products by preventing dehydration, 141 oxidative rancidity and surface browning (Nisperos-Carriedo 1994) . Recently, commercially 142 developed starch-based packaging materials like Plantic®, EverCorn™ and Bio-P™ made by 143
Plantic Technologies, Novamont and Bioenvelope respectively, became available (García and 144 others 2009; Robertson 2008) . These materials can be used in commercial applications to 145 package food products such as biscuits and snacks. Biodegradable materials have also found 146 successful applications in the pharmaceutical industry as films or coatings to control drug 147 release (Tuovinen and others 2003; Arifin and others 2006; Siepmann and others 2004; 148 Soppimath and others 2001) . 149 150
Preparation of AM Films from Biodegradable Materials 151
The main processing techniques used for the preparation of biodegradable films are similar to 152 those used in synthetic plastics processing; these include wet and dry processing methods 153 (Brody 2005; Pommet and others 2005) . The wet methods comprise solvent casting (which is 154 the most commonly used laboratory-scale technique to prepare AM films from biopolymers) 155 whereas the dry methods usually involve compression moulding or extrusion of the 156 biopolymers that have been modified to become thermoplastic (Liu and others 2006; Pommet 157 and others 2005; Van Soest and Essers 1997; Nam and others 2007; Mehyar and Han 2004; 158 2006; Thunwall and others 2006; Chaléat and others 2008) . The processing techniques may 159 significantly affect the properties of the resultant AM film made from a biodegradable 160 material (Altskär and others 2008) . Different factors affect the choice of the processing 161 techniques when preparing an AM packaging film (Han 2005) . These include the type and 162
properties of the polymer, the properties of the AM agent (such as polarity and compatibility 163 with the polymer), the heat stability of the latter during processing and the residual AM 164 activity after manufacturing (Han 2000) . When a polar AM agent is added to a non-polar 165 polymer to produce an AM film, the incorporated AM agent may affect the physical and 166 mechanical properties of the resultant AM film (Han 2003) . However, if the AM agent is 167 compatible with the polymer, a considerable amount of it can be incorporated into the 168 packaging material with minimal physico-mechanical property deterioration (Rupika and 169 others 2008; Suppakul 2004; Han and Floros 1997; Han 2005) . Therefore, the polymer and/or 170 the AM agent may require modification prior to film processing in order to increase the 171 compatibility between the two (Cha and Chinnan 2004) . During manufacturing of AM films, 172 the temperature and the shearing forces must be carefully considered (Han 2003) . High 173 processing temperatures may result in considerable losses of volatile AM agents (Han 2000; 174 Rupika and others 2005; Han and Floros 1997) . Moreover, Cooksey (2005) suggested that the 175 AM agent might partly or completely lose its AM activity when incorporated into the film 176 under harsh processing conditions. For example, Nam and others (2007) reported up to 48% 177 recovery of the initial lysozyme activity in an extruded starch-based film upon increasing the 178 extrusion temperature. Therefore, to minimise the loss of AM agent during processing, as low 179 as possible temperatures should be applied as recommended by Han and Floros (1998) . 180 181
Antimicrobial Activity of Biodegradable Films 182
Numerous studies have identified migratory and non-migratory systems as the two main types 183 of AM packaging systems. A migratory system contains an AM agent that can migrate into 184 the headspace of the package. A non-migratory system contains an AM agent immobilised 185 onto the packaging film. In the latter case, the AM film becomes effective against microbial 186 growth when the food and the packaging material are in direct contact (Brody and 
Antimicrobial Activity of Biodegradable Films Incorporated with AM Agents 202
Impregnation of an AM agent into a packaging material is a feasible means for achieving 203 optimal AM activity of an AM film (Suppakul and others 2003; Han 2003; Weng and 204 Hotchkiss 1993) . This method enables a slow release of the agent onto the food surfaces and 205 the maintaining of an adequate concentration of the agent to effectively inhibit microbial 206 growth throughout the product shelf life (Salleh and others 2007; Cooksey 2005 ). An AM 207 agent can be incorporated into a packaging material by blending it with a base polymer before 208 manufacturing (extrusion or compression moulding) of the film (Suppakul and others 2006; 209 Rardniyom 2008; Rupika and others 2008; Mistry 2006) . This method enables the AM agent 210 to be evenly distributed in the amorphous region of the material (Suppakul 2004 Polysaccharide-based films demonstrate adequate film-forming properties, although they are 215 sensitive to moisture due to the hydrophilic groups in their structure (Han and Floros 1997; 216 Krochta and others 1994; Baldwin and others 1995) . Phan and others (2005) be formed into consistent, relatively strong and flexible films that are highly impermeable to 238 oxygen and carbon dioxide. This is in contrast to high amylopectin starch polymers, that can 239 only be formed into non-continuous and brittle films (Gennadios and others 1997; Cha and 240 Chinnan 2004) . As expected, starch alone cannot be formed into films with adequate 241 properties for food packaging (Phan and others 2005; Arvanitoyannis and Biliaderis 1998) . 242
The intrinsic high level of hydrophilicity, poor mechanical properties and difficulties in 243 processing limit its applications in food packaging unless modified mechanically, physically, 244 chemically or genetically (Arvanitoyannis and others 1998; Davis and Song 2006; 1999; 245 Marron and others 2000; Tharanathan 2003; García and others 2000; Zhang and Liu 2009 culture. The latter observation may be unrealistic in terms of the release of AM agent in the 266 film because the starch-based film presumably dissolves in the liquid culture medium. 267 268 Baron and Sumner (1993) showed that starch films impregnated with potassium sorbate and 269 acidified with lactic acid reduced the growth of S. typhimurium by 4 log CFU mL -1 after 2 h at 270 37C. The population count of E. coli O157: H7 decreased by 2 log CFU mL -1 after 3.5 h at 271 37C. Furthermore, they found that corn-starch films impregnated with potassium sorbate 272 inhibited the growth of S. typhimurium and E. coli O157 H7 on poultry products stored at 7C 273 for 12 days. Maizura and others (2008) Table 1 shows that other studies have evaluated the AM activity of AM agents incorporated 332 into cellulose-based materials such as methylcellulose (MC) films. The cellulose-based 333 materials are some of the naturally occurring polysaccharides with improved film-forming 334
properties. Similarly to the starch-based materials, cellulose-based materials are hydrophilic 335 in nature and have a crystalline structure and so that they are not generally suitable for the 336 packaging of moist food products (Cutter 2002; Baldwin and others 1995) . 337
Many of the cellulose-based materials and/or their derivatives such as MC, HMPC and 338 cellulose acetate are already produced commercially. The latter is widely used in the 339 packaging of baked goods and fresh food products (Weber 2000) . Although adequate physico-mechanical properties (Krochta 2002 The AM activity of other types of protein-based films have been studied and reported in the 449 scientific literature by different researchers (see Table 1 ). Kristo and others (2008) 450 investigated the effectiveness of sodium caseinate (SC) incorporated with nisin, potassium or 451 sodium lactate against L. monocytogenes. They found that SC films containing nisin exhibit 452 the highest inhibitory effects on the growth of L. monocytogenes followed by films 453 impregnated with potassium sorbate, whereas films containing sodium lactate were only 454 slightly effective. Sivarooban and others (2008) EOs and evaluated the AM effects of these films on the preservation of whole beef muscle. 460
The results suggested an effectiveness of the AM films against Pseudomonas spp. and E. coli 461 H0157:H7 inoculated on the surface of the beef. Their results also suggested that films 462 containing oregano EO were more effective against the growth of both microorganisms 463 compared to films containing pimento. 464 465
Antimicrobial Activity of Biodegradable Films Coated with AM Agents 466
In addition to the direct incorporation of AM agents into packaging films discussed above, 467 AM agents can be coated on the surface of packaging materials in order to provide a high 468 concentration of the agent in contact with the surface of food product (Gennadios and others 469 1997; An and others 2000) . The application of an AM agent on a packaging material can be 470 achieved by using various coating techniques including immersion of the substrate or by 471 spraying the substrate with a coating/carrier solution. For this purpose, the AM agent is 472 dissolved in an appropriate solvent such as water, ethanol or isopropanol before applying it to 473 the packaging material (Krochta 2002) . elttiL has been reported on the activity of AM agents 474 coated on biodegradable polymers. Some of the relevant studies are given in Table 1 . 475 476 Miltz and others (2006) studied the effectiveness of a corn starch-based film coated with the 477 peptide dermaseptin S4 derivative as an AM agent against moulds and aerobic bacteria on 478 cucumbers. They reported that this system was very effective. Coma and others (2001) found 479 that cellulose films coated with nisin inhibited L. innocua and S. aureus on laboratory media. 480 Chen and others (1996) prepared AM films containing 2% or 4% (w/w) of sodium benzoate 481 and potassium sorbate by casting MC, chitosan and their mixtures. They evaluated the 482 antimycotic activity of the AM films against Rhodotorula rubra and Penicillium notatum and 483 found that MC and MC/chitosan films containing 2% and 4% (w/w) sodium benzoate and 484 potassium sorbate respectively inhibited the growth of these microorganisms. Ming and 485 others (1997) system controlled the growth of S. enteritidis on hard-boiled shell-on and on peeled eggs. 494 Siragusa and Dickinson (1992; 1993) 
Antimicrobial Activity of Biodegradable Films with Immobilised AM Agents 499
Effective AM packaging systems can also be achieved by the immobilisation of an AM agent 500 in a polymeric material. According to Steven and Hotchkiss (2003) , the AM agents that can 501 be immobilised include peptides, proteins or enzymes. These agents can be synthesised on the 502 surface or extracted separately and then covalently linked to the polymer substrate. An AM 503 agent that is covalently immobilised onto the packaging material is not released but becomes 504 effective in inhibiting microbial growth when in contact with the surface of the packaged food 505 product (Han 2003) . Different studies have been conducted focusing on immobilisation of 506 AM agents onto packaging materials. Appendini and Hotchkiss (1997) investigated the 507 efficiency of lysozyme immobilised on polyvinyl alcohol (PVOH) beads, nylon 6,6 pellets 508 and cellulose triacetate (CTA) films. They reported that the viability of Micrococcus 509 lysodeikticus was reduced in the presence of immobilised lysozyme on CTA film that was 510 found to show the highest AM activity amongst the studied structures. Cutter and Siragusa 511 (1997) assessed the potential decontamination of raw beef by applying organic acids (lactic or 512 acetic acid) immobilized onto calcium alginate films. They reported a considerable reduction 513 of L. monocytogenes growth with the treated films compared to a calcium alginate film 514 without acid treatment. Cutter and Siragusa (1996) studied the AM activity of nisin 515 immobilised onto calcium alginate films against Brochothrix thermosphacta on beef surfaces. 516
They found that calcium alginate films treated with nisin suppressed the growth of B. 517 thermosphacta by 2.42 log CFU cm -2 after 7 days compared to an untreated film. A greater 518 and steady nisin activity was found when the tissues were ground and stored under 519 refrigerated conditions in the AM immobilized film for up to 7 days compared to the use of 520 sprayed nisin only. 521 522
Summary 523
Consumer demands and requirements by regulatory agencies to use more environmentally-524 friendly and less polluting packages have directed researchers to look at packaging materials 525 that are derived from natural or made from renewable resources to replace, at least some, of 526 the synthetic polymers. Biodegradable materials derived from polysaccharides and proteins, 527 when combined with AM agents, have the potential to be manufactured into food packaging 528 films with effective AM properties. Polysaccharide-based materials with AM agents, 529 particularly the starch-based ones, have been studied extensively with some commercial 530 success in the food packaging industry. Many of the studies were carried out in order to 531 obtain a "proof of concept" by measuring the inhibition zones created by the diffusion of the 532 AM agent in solid media. Some modified biodegradable polymers such as starch-based 533 materials can be manufactured into films and used to package dry and/or solid food products 534 such as biscuits, snacks, cereals, fresh produce, fruits and vegetables. Developing commercial 535 biodegradable films with improved physical and mechanical properties is still a challenge due 536 to their hydrophilic nature that limits their application for packaging of food products with a 537 high water activity. The biodegradable and bio-compostable materials are also, many times, 538 more expensive and more difficult to process, a fact that further increases their cost compared 539 to synthetic polymers. However, when considering the cost of a package, the total "cradle to 540 grave" economic approach should be evaluated. Thus, the economic evaluation should include 541 not only the cost of the packaging material and of processing the material into a package but 542 also the cost of disposing of the final package namely, recycling and/or incineration and/or 543 land filling. This is very important especially for the last option, taking into consideration the 544 decreasing number of land filling sites and the diminishing space for garbage disposal in the 545 developed countries. If such considerations are taken into account, the difference between the 546 cost of biodegradable/bio-compostable and synthetic polymers becomes much smaller. 547
Antimicrobial packaging films with improved physical and mechanical properties could be 548 prepared from biodegradable polymers that have been modified and/or blended with other 549 compatible materials incorporated or coated with AM agents. However, additional research 550 and development work is required to reduce the moisture sensitivity of these polymers, 551 enhance their physical properties and improve their process-ability. These goals can be 552 achieved by proper blending with appropriate materials and/or by copolymerization. 553
Biodegradable materials could also be successfully prepared and applied in AM packaging 554 systems by the incorporation of appropriate AM agents. Taking into consideration that the 555 public, as a whole, is already conscious (and becomes even more so as times go by) to the 556 environment, it is conceivable that the future will see more biodegradable and AM 557 biodegradable polymers and/or their devivatives in the packaging of food, agricultural and 558 other products. 559 560 22 
